Candida albicans produces a virulence-associated immunomodulatory protein (p43), which activates lymphocytes polyclonally, suppresses specific antibody responses to Candida antigens, and potentiates systemic growth of C. albicans. In this study, athymic, unlike euthymic, C57BL/6 mice were resistant to systemic candidiasis and produced lower serum levels of interleukin (IL)-4 and IL-10. Pretreatment with p43 stimulated the production of both cytokines. Depletion of IL-10, but not of IL-4, in euthymic animals reestablished resistance and abrogated p43-dependent suppression of the specific antibody response and facilitated C. albicans growth. In agreement with these results, both immunosuppression and p43-mediated facilitation of the fungus growth were abolished in IL-10 knockout mice. These observations demonstrate the relevance of IL-10 in facilitating systemic candidiasis and suggest a critical role for the immunosuppressive virulence factor p43 in the process.
The role of the humoral and cellular immune responses in resistance to systemic candidiasis is controversial. Specific antibodies against Candida albicans antigens have been described as protective [1] [2] [3] [4] [5] , nonprotective [6] [7] [8] [9] , or facilitating [10] these infections. T lymphocytes do not seem relevant, because T cell-deficient mice are equally [11, 12] or more [13] resistant to fungal growth than are normal mice, and the susceptibility of neutrophil-deficient mice (bg [beige]/bg nu [nude]/nu ϩ ) is not increased in congenitally athymic (bg/bg nu/nu) animals [14] . It is generally accepted that systemic fungal growth is associated with impaired neutrophil function [15] . However, down-regulation of neutrophil function by T cells, notably Th2 responses, should be considered as suggested by the abrogation of systemic infection in mice depleted of CD4 T cells [10] or of interleukin (IL)-4 and/or IL-10 [16] , although IL-10 suppresses oxidative metabolism and antibody-dependent cytotoxicity of neutrophils [17] [18] [19] .
We have further investigated the roles of the thymus and IL-4 and IL-10 in the course of systemic candidiasis in C57BL/6 mice in relation to the biologic effects of a virulence-associated immunomodulatory protein (VIP; p43) that acts as a virulence factor for C. albicans. We previously reported that p43 is ex-clusively produced by pathogenic C. albicans [10, 20] and that it potentiates systemic fungal growth, while specific immunization of mice against p43 results in full protection against systemic candidiasis [10] . More precisely, we investigated the possibility that the T cell-dependent mechanisms that facilitate C. albicans systemic growth are mediated by p43 [10, 20, 21] , a matter of considerable importance because similar VIPs have been isolated from several bacteria [22] [23] [24] [25] [26] and viruses [27, 28] .
Materials and Methods
Mice. We purchased male C57BL/6 and C57BL/6 nude (nu) mice from the Gulbenkian Institute of Science. Gene knockout mice for IL-10 and for B cells (IgM membrane targeted) on a C57BL/ 6 genetic background were purchased from the B&K Universal Limited Laboratory (Grimston Albrough Hull, UK). All mice were 6-8 weeks old at the time of the experiments. Some mice were thymectomized (TX) 15 days before use (ages, 5-7 weeks).
C. albicans infection protocols. C. albicans was isolated and maintained as previously described [10, 20] . Experimental animals were infected by intraperitoneal (ip) injection of 10 7 , , and 7 5 ϫ 10 10 8 Candida blastoconidia isolated from fungal cultures made in Sabouraud broth (Difco, Detroit) for 24 h at 37ЊC. Kidneys were removed aseptically at selected times after inoculation. Both organs were homogenized in 5 mL of PBS, the homogenates were serially diluted 10-fold, and plating was started at an initial dilution of 1: 100. Colony-forming units (cfu) of C. albicans were counted after 48 h of incubation at 37ЊC in mycobiotic agar (Difco) in duplicated cultures of each serial dilution. We show only the number of cfu found in the kidneys, a location generally accepted as the site of maximal fungal growth after systemic C. albicans infection [29] . This was confirmed in our experiments. Furthermore, as shown in table 1, there is a good correlation between fungus load in the kidney and in the liver, spleen, and several other organs scored (data not shown). Preparation of Candida sonicate (Cs). Cs was prepared as described elsewhere [10] . In brief, Candida blastoconidia were disrupted by sonication (cycles of 10-30 s at 100 W) with a cell disrupter (model W 185 D; Branson, Danbury, CT) on ice. Full disruption of blastoconidia was confirmed by light microscopy. The protein content was determined by the method of Lowry et al. [30] .
Enzyme-linked immunospot (ELISPOT) assay. The enumeration of splenic cells secreting specific antibodies was evaluated as described elsewhere [31] . In brief, polystyrene microtiter plates (Nunc, Roskilde, Denmark) were coated with Cs (10 mg/mL) overnight at 4ЊC. Because the fungal antigens differentially attach to ELISA plaques (e.g., polysaccharide vs. protein antigens), these ELISPOT measurements may be biased regarding the entire antigenic makeup of Candida organisms. We previously found that p43 suppression of T cell-dependent antibody responses to sheep red blood cells (SRBCs) correlates with the facilitation of systemic candidiasis induced by this fungal VIP [10] . Thus, the response against total Candida antigens (even if preferentially T cell dependent) seems adequate, as our purpose was not to characterize specific antibodies. The wells were then saturated for 30 min with 1% bovine serum albumin in PBS at 37ЊC. Appropriate serial suspensions of splenic cells in RPMI 1640 (Sigma, St. Louis) supplemented with 3% fetal calf serum (Gibco Biocult, Glasgow, UK) were incubated in the plates for 5 h at 37ЊC in a humidified atmosphere of 5% CO 2 in air. The plates were then rinsed with distilled water with 0.05% Tween 20 (Sigma) and washed 4 times with PBS-0.05% Tween 20. Specific antibody-secreting cells were revealed by the addition of alkaline phosphatase-labeled goat anti-mouse IgM antibodies (Southern Biotechnology Associates, Birmingham, AL) overnight at 4ЊC. After a wash, 5-bromo 4-chloro 3-indolyl phosphate (5-BCIP; Sigma) in 2-amino 2-methyl 1-propanol (AMP; Sigma) buffer was used as substrate for 2 h at 37ЊC. After 4 washes with distilled water, the number of spots was quantified in triplicate with a dissecting microscope. Data are derived from wells with 110 spots.
Plaque-forming cell (pfc) assays. Nonspecific immunoglobulin production was assessed by protein A pfc assay [32] in nonimmunized mice. Isotype-specific antibodies and anti-total immunoglobulin rabbit antisera (gifts of A. Coutinho, Pasteur Institute, Paris) have been characterized in detail elsewhere [33] and were used as developing antibodies at dilutions of 1:35, 1:100, 1:38, 1:20, and 1:35 in balanced salt solution for anti-IgG1, -IgG2a, -IgG2b, -IgG3, and -IgM, respectively.
Preparation and evaluation of the biologic activity of p43. Isolation and purification of p43 has been described in detail [10, 20] . Each fraction was centrifuged at 29,000 g for 30 min and then filtered through a 0.22-mm filter (Millipore, Bedford, MA). All p43 preparations were lipopolysaccharide (LPS)-free, as assessed by the limulus amoebocyte lysate kit (E-Toxate; Sigma). In brief, the evidence of gelatin indicating the presence of a minimum of 0.05-0.1 endotoxin units/mL was tested in 10-mg samples of p43: Positive and negative controls were serial dilutions of endotoxin standard stock solutions and endotoxin-free water, respectively. B cell mitogenicity due to endotoxin contamination was ruled out because of the IgG isotypes in the polyclonal response (LPS privileges IgG3 [34] , whereas p43 privileges IgG2a [10] synthesis) and because p43, like other VIPs [24] , induces polyclonal B cell activation in LPS-nonresponder C57/10.Sc.Cr mice. The protein con- centration of p43 batches was also determined by the method of Lowry et al. [30] . The biologic activity of p43 was evaluated in mice after ip administration of total p43 produced after 3 days of culture of (8 mg) or (50 mg) of Candida blastoconidia. The B 7 8 5 ϫ 10 3 ϫ 10 cell polyclonal activation induced by p43 was evaluated 5 days after treatment by the splenic nonspecific immunoglobulin-secreting pfc of IgM and IgG isotypes. The immunosuppressive and the fungal growth-facilitating properties of p43 were evaluated by injecting the protein 2 days before ip immunization with heat-7 5 ϫ 10 killed C. albicans particles (Cp) in PBS or before C. albicans infection, respectively.
Cell-and cytokine-depletion protocols. C57BL/6 mice were TX by suction of the thymic lobes under ether anesthesia. These mice were maintained for 15 days before the experimental procedure. Depletion of IL-4 and IL-10 was accomplished by ip injection of C57BL/6 mice with 1 mg of rat IgG1 monoclonal antibody (MAb) against each cytokine 2 h before p43 treatment or 2 days before Cp immunization or C. albicans infection. These MAbs were obtained by growing hybridomas: 11-B-11 (anti-IL-4) and JES5-2A5 (anti-IL-10) (supplied by Anne O'Garra, DNAX Institute, Palo Alto, CA) in the peritoneal cavity of C57BL/6 nu/nu mice. All MAbs were purified from ascitic fluids by ammonium sulfate precipitation and by protein A affinity chromatography [35] . As reported elsewhere [23] , the amount of MAb produced by the hybridomas is effective in the depletion of both IL-4 and IL-10 [36] . This was confirmed by the finding that levels of IL-4 or IL-10 in serum of MAb-treated animals were 5%-8% as high as those of controls after 2, 6, and 12 h of p43 treatment. One milligram of rat IgG1 (Zymed Laboratories, San Francisco) with unrelated specificity was used to treat control mice after the same protocol used for the specific MAb.
Serum cytokine determination. We determined the mouse serum cytokine titers of interferon (IFN)-g, IL-2, IL-4, and IL-10 by Intertest-10x ELISA kit (Genzyme, Cambridge, MA). Statistical analysis. Data were statistically analyzed by Student's t test.
Results

TX and nude C57BL/6 mice are resistant to systemic candidiasis and to the immunomodulatory effects of p43.
To define the influence of the thymus on the C. albicans infection and on the biologic effects of p43, we infected euthymic, TX, and nude mice with Candida blastoconidia and treated the groups with p43. As shown in figure 1, all euthymic mice were heavily infected after ip inoculation with Candida blastoconidia, 7 5 ϫ 10 as measured by C. albicans cfu recovered in the kidneys up to day 14 of infection. In contrast, infection was controlled in TX and nude mice (figure 1B). For simplicity, detailed data are given only for the median size inoculum ( ); however, respectively. At the time of infection, kidney cfu were not detected in TX and nude mice inoculated with the low dose, while infection ranged from 10 4 to in athymic mice infected 5 5 ϫ 10 with the large inoculum. In euthymic mice 14 days after infection, numbers of cfu ranged between and or 4 5 3 ϫ 10 4 ϫ 10 10 6 and after inoculation of 10 7 or 10 8 Candida blas- 6 12 ϫ 10 toconidia, respectively. No fungal cfu were detected in TX and nude mice 14 days after infection with the smaller inoculum or in most mice infected with 10 8 Candida blastoconidia. Comparison of the biologic effects of p43 in the same groups of animals showed (figures 2A and 3A) that 8 mg or 50 mg of p43 induced an evident and nearly complete suppression of specific antibody responses to immunization with C. albicans antigens in euthymic mice but not in TX or in congenitally athymic mice, where p43 actually was immunostimulatory. Furthermore, the polyclonal responses to p43 injection (figure 2B) were markedly reduced in TX and nude mice, when compared with euthymic animals, for the T cell-dependent isotypes IgG1, IgG2a, and IgG2b. The IgM and IgG3 thymic-independent responses were maintained or slightly enhanced in TX animals, but, in nude mice, only the IgM-secreting response was similar to that of controls.
p43-Dependent suppression of specific antibody responses and facilitation of systemic infection mediated by stimulation of IL-10 production.
To evaluate the role of IL-10 in a dose-response effect of p43, we compared the suppressive effects of 8 and 50 mg of p43 in IL-10-and IL-4-depleted euthymic mice. As shown in figure 3A and 3B, the suppression induced by 8 and 50 mg of p43 was completely abrogated in mice depleted of IL-10 but not of IL-4. In agreement with these observations, the immunosuppressive effect of p43 was totally abrogated in IL-10 knockout mice even when they were treated with the highest amount of p43 used, 50 mg ( figure 3C) .
To investigate the putative causality between activation of IL-10 production and the facilitation of C. albicans growth in p43-treated animals, we turned to experiments in which cytokine neutralization could be selectively obtained by antibody treatments. Mice were either treated with p43 or left untreated and then infected with C. albicans. In addition, animals in each group were either kept as controls or treated with neutralizing antibodies to IL-4 or IL-10. Similar protocols concerned the p43-dependent facilitation of systemic infection. As shown in figure 4A , Candida infection with Candida blastoconidia 7 5 ϫ 10 was potentiated by ip treatment with 50 mg of p43, and this facilitating effect was abrogated by depletion of IL-10 but not of IL-4. As expected, since pathogenic C. albicans produce p43, the relative reduction in Candida cfu after depletion of IL-10 is similar in mice untreated or treated with p43 ( figure 4A) . Facilitation of C. albicans growth by 50 mg of p43 was comparable for different sizes of inoculum. Candida cfu in the kidney always increased 70-100 times when mice were treated with 50 mg of p43 2 days before infection with 10 7 , , or 10 8 7 5 ϫ 10 blastoconidia. In addition, p43-dependent facilitation of sys- temic candidiasis was roughly proportional to the amount of p43 given prior to infection. Thus, the number of fungal cfu in kidneys of mice treated with 8 mg of p43 was ∼20 times higher than cfu in mice not treated with p43. Abrogation of p43-dependent facilitation of systemic candidiasis by depletion of IL-10, but not of IL-4, was comparable in mice infected with 10 7 or 10 8 Candida blastoconidia (data not shown). As shown in figure 4B , facilitation of systemic candidiasis by р50 mg of p43 was fully abrogated in IL-10 knockout mice infected with 10 7 Candida blastoconidia. Although IL-10-deficient mice are naturally more resistant to infection than are wild-type controls (figure 4B), a larger inoculum ( ) of 7 5 ϫ 10 Candida blastoconidia resulted in death of all 6 mice 3 days after infection. Such animals, if sacrificed 2 days after infection, had a fungus load in the kidney 5-fold higher ( ) than 4 5 ϫ 10 wild-type mice. Up to 100-fold higher fungus loads, however, can be found in wild-type mice with no mortality whatsoever (figure 4A), indicating that death of high-dose-infected IL-10-deficient animals is due to other mechanisms (discussed below). Candida growth and the primary immune responses to Cp were not changed after treatment with control antibodies of the same isotype (data not shown).
Serum IL-4 and -10 levels are reduced in mice that resist C. albicans infection and are stimulated by p43 injection. To further investigate the role of the thymus in Th2 cytokine production after C. albicans infection, the serum levels of IL-4 and IL-10 were evaluated in euthymic, TX, and nude mice after infection. As shown in figure 5A , there was a rapid increase in the serum levels of IL-10 and IL-4 in euthymic mice shortly after C. albicans infection, but serum IFN-g and IL-2 (data not shown) were not detectable. In TX and nude mice, the serum levels of IL-10 were lower, and no serum IL-4 or IFN-g was detectable.
After establishing that production of IL-4 and IL-10 is reduced or absent in C. albicans-resistant mice, we investigated serum levels of these cytokines in animals treated with p43. As depicted in figure 5B, 8 and 50 mg of p43 induced a marked increase in the serum levels of IL-4 and IL-10 in euthymic mice; peak responses occurred 2 h after treatment for both cytokines. These responses were p43 dose dependent and extraordinarily marked for IL-10, reaching serum concentrations 10-fold higher than those in C. albicans-infected mice. Serum cytokine levels were lower in TX and nude mice: No IL-4 was detected in the latter. Increased IFN-g serum levels were observed after treatment with 50 mg, but not with 8 mg, of p43: Peak responses occurred 6 h after treatment with the VIP in euthymic mice (figure 5B). In contrast, p43 treatment did not induce increased serum levels of IL-2 (data not shown).
Serum IL-10 levels are detectable in gene knockout B celldeficient mice with a C57BL/6 background after p43 treatment. To determine the role of B lymphocytes in the production of IL-10, serum levels of this cytokine were measured in IgMdeficient C57BL/6 mice after injection of p43. In parallel with wild-type mice, B cell-deficient animals responded with comparably increased levels of serum IL-10 2 h after treatment with p43 ( figure 6 ). Of interest, the peak response was delayed (6 h), and the serum levels of this cytokine remained above control values 24 h after treatment in mice without B cells.
Discussion
The present experiments demonstrate that C. albicans infection is less severe in athymic or TX mice, as suggested elsewhere [13, 37, 38] . Similar observations have been made in bacterial [24, 26] and protozoal [39, 40] infections. Such a facilitating role of T cells could be mediated by the production of IL-4 and/or IL-10, which takes place shortly after C. albicans infection [16] . In our experiments increased levels of both cytokines were detected in serum 2 h after infection in euthymic mice. These responses were either markedly decreased (for IL-10) or totally absent (for IL-4) in TX and nude mice, suggesting that lower expression of these cytokines could be responsible for the increased resistance to fungal infection in T cell-depleted mice. Several observations suggest that IL-10 is the major or sole cause of these effects, particularly in the depletion experiments in which depletion of IL-10, but not of IL-4, in euthymic mice reestablished C. albicans resistance. In agreement with the MAb-depletion experiments, C. albicans resistance is also established in IL-10 knockout mice infected with a small inoculum of blastoconidia, as also reported by Vazquez-Torres et al. [41] . However, the present observation of mortality and high fungus loads in IL-10-deficient mice, when infected with large inocula, suggests that IL-10 may also be required to control toxic side effects of the immune response. In agreement with this interpretation, several studies show that IL-10 plays an important role in balancing protective versus lethal effects of immune responses to infections [42] [43] [44] . The residual cytokine observed in IL-10 MAb-neutralized mice may explain the absence of mortality in these mice treated with p43 and infected with the large fungal inoculum.
The present experiments also addressed the immunobiology of p43, a VIP produced by C. albicans. We previously showed that several microbial VIPs activate lymphocytes polyclonally and suppress specific antibody responses to unrelated and microbial antigens if administered before immunization [20, 22, 26, 27] . These VIPs are produced only by pathogenic microbes, and their attenuation results in loss of VIP expression [20, 24, 25] . Thus, we suggest that VIPs mediate facilitation of infection. This is supported by the findings that specific immunization against VIP (but not against other antigenic components of the microbe) results in protection [10, 26] . Our results provide further evidence for a close relationship between the biologic effects of p43 and the pathogenicity of C. albicans. Therefore, TX and nude mice are resistant both to systemic C. albicans growth and to the immunosuppressive and B cell polyclonal effects of p43 and respond with low serum levels of IL-4 and IL-10 after both C. albicans infection and p43 administration. Furthermore, systemic candidiasis, p43-induced suppression of specific antibody responses to C. albicans, and the facilitating effects of p43 on systemic candidiasis were all abrogated in euthymic mice depleted of IL-10 or in IL-10-deficient mice (but not in mice depleted of IL-4).
The mechanisms that stimulate IL-10 production in C. albicans infection and those involved in IL-10-dependent facilitation of its growth remain to be investigated. Although activated B lymphocytes are excellent producers of IL-10 [45, 46] and p43 is a polyclonal B cell activator in normal mice, it does not seem that such cells are required for the serum IL-10 responses described, which were conserved in mice genetically depleted of B lymphocytes. The present results indicate that IL-10 production in C. albicans-infected animals is mainly due to T cells, just as in graft tolerance [47, 48] and the control of autoimmune colitis [49, 50] , which are mediated by regulatory T cells. Our data are consistent with a predominant production of IL-10 either by thymic cells or by recent thymic emigrants, which are reported to be good IL-10 producers [51] . Experiments are in progress to investigate these alternatives.
